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Tunnelxng* Gap Dxod.es 

Field of Invention ^ 

This invention relates to tunneling diodes and their application to heat 
pumping and power generation* 

5 Backgrotmd of the In^renfcion 

Tunnel junctions of a new type that con^rise Normal metal- Vacuum-Normal 
metal (NVN) have been disclosed [Avto Tavkhelidze, Larisa Koptonashvili, 
Zauri Berishvilir Givi Skhiladze, "Method for making diode device", US 
Patent No, 6,417,060 B2] • A key advantage of these junctions is the use of 
10 a vacuum as the insulator- Consequently, there is formally zero heat 

conductivity between the electrodes,, allowing the fabrication of tunnel 
junctions with extremely low thermal backflow. 

Other groups have reported theoretical studies that seek to utilize the 
benefits of using a vacuum as an insulator- One group has considered 

15 utilizing emission from semiconductor resonant states [A-N, Korotkov and 
K.K. Likharev, "Possible cooling by resonant Fowler- Nor dheim emission"?, 
Appl. Phys. Lett. 75<16) :2491-2493 (1999)]- This approach leads to a, 
selective emission of electrons from the cathode. Another group proposes 
cooling via electron field emission f rom^ diamond or Ill-nitride thin films 

20 deposited on metal or silicon substrates [P,H- Cutler, N,M- Miskovsky, N. 
Kumar and M,S- Chung, *^New Results on Microelectronic Cooling Using the 
Inverse Nottingham Effect. Low temperature Operation and Efficiency", 
Electrochemical Soc. Froc Volume 2000-28, pp 99-111 (1999)]. A yet further 
theoretical study has considered the how the effective work function for 

25 emission may be lowered by reducing the gap between the electrodes to a 
nanometer, and it is predicted that a material having a work function of 
-l.OeV would show an effective work function of /-0.4eV under" these 
conditions. Experimental work using a small nm-sized gap showed the 
expected lowering of the vacuum barrier between the electrodes, enabling 

30 emission from surfaces with work functions of -1 eV at room tenperature. 
[Y- Hishinuma, T.H. Geballe, B.Y. Moyzhes, T-W. Kenny, "Refrigeration by 
combined" tunneling and thermionic emission in vacuum: Use of nanometer 
scale design", Appl, Pftys. Lett, 78 (17) :2752-2754, (2001); Y, Hishinuma, 
T,H- Geballe, .B.,X^ Moyzh.e.s, T.W. Kenny, "Measurements of cooling by room- 

35 temperature thermionic emission across a nanometer gap", Appi. Phys. Lett, 
9A^(7) : 4.630-4 696, (2003)], Further theoretical work from this group has 
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suggested that tlxe aeed for materials with work functions near l.OeV (whicl. 
is difficult to achieve in practice) , may be circuiavented by the use of a 
semiconductor layer on the emitter in combination with a strong electric, 
field [Y. Hishinuma, T.H. Geballe, B.Y. Moyzhes, T.W. Kenny, -Vacuum 
thermionic refrigeration with a semiconductor hetero junction structure-, 
Appl. Phys. Lett. 81(22): 4242-4244, (2002)]. 

It is well known that thermionic diodes offer the possibility of efficient 
cooling: every electron that leaves the emitter carries away energy WF + 
2M (Where WF is the work function of the emitter electrode) . However, for 
room temperature cooling effects, materials having work functions of the 
order of -0.3-0.35eV are needed for the emitter, and such materials are. not 
practically available. 

For tunnel diodes having metal electrodes the situation is different. All 
the electrons can tunnel, whether they have an energy level above the Fermi 

level (Ex) , or below. Those electrons which have energy E above the Fermi 
level, carry away energy E-Ef ; those electrons which have E<iX, return 
energy Ef - E to the emitter. As a result, the sum effect is less than with 
thermionic diodes. Common tunnel diodes with metal electrodes thus have two 
nejor drawbacks: (i) the possibility of electrons below the Fermi level 

tunneling; (ii) back tunneling of electrons from anode to cathode. 



Dlsolosure of Iiwantion. 

From the foregoing, it may be appreciated that a need has arisen for an 
irt^roved tunneling gap diode in which only electrons above the Fermi level 
tunnel from emitter to collector, and in which back tunneling, from 
collector to emitter, is suppressed. 
The present invention discloses a tunneling diode having a band gap "- 
material as the collector. This increases the tunnelling of electrons having 
greater energy than the Fermi level from emitter to collector, leading to 
an increase in the efficiency of heat punning or power generation by the 
30 diode. 

The present invention also discloses a tunneling diode having a band gap 
material as the collector, and having a coating of the same or different 
band gap material on the emitter. This increases the tunneling of electrons 
having greater energy than Fermi level from emitter to collector, leading 
to an increase in the efficiency of heat pmrping or power generation by the 

diode. 
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For tihese ezribocliment:s, the band gap may be present as a layer o£ band gap^ 
or may be a heteLro- structured band gap layer • 

The present invention also coitprises a method for filtering emission from 
the emitter by using a collector comprised of a band gap materials 

5 The present invention also comprises a method fox suppressing back 

tunneling of electrons from collector to emitter by using a collector 
conprised of a band gap material. 

The present invention also coirprises a vacuum diode heat pxxcap for heat 
pumping applications comprising the tunneling diode of the present 
10 invention. 

The present invention also cowprises an electrical power generator 
conprising the tunneling diode of the present invention « 

Brief Deggrlpbicn of Drawings 

For a more complete explanation of the present invention and the technical 
15 advantages thereof, reference is now made to the following description and 
the accozrpanying drawing in which: 

Figure 1 shows two embodiments of a tunnel diode device of the present 
invention. 

Figure 2 shows in diagrammatic form various energy levels of a close- spaced 
20 tunnel diode of tlie present invention. 

Figure 3 shows two embodiments of a tunnel diode device of the present 
invention for pumping heat or power generation. 

Best Mode for Carrying Out the Invention 

£knbodiments of t2ie present invention and their technical advantages may be 
25 bettor understood by referring to Figure Xh.r which shows in diagrammatic 
form a metal emitter 102, a collector 104, an external circuit 106 and a 
voltage source^ X08. The collector coniprises a band gap material ^ which is 
to be understood in this present disclosure to indicate a material in which 
there is a forbidden region between a lower valence band and an upper 
30 conduction band. The band gap material may be a semiconductor^ such as Ge^ 
S±, GaAs or SiC. It also includes materials such as diamond and doped 
diamond. It also includes materials such aa the alkaline earth oxides. 
Figure IS discloses another ^abodiment of the pr&sent invention, in which 
the band gap material is deposited as a layer on a metal collector 2X0. 
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R>r th© embodiments shown in Figure and IB, the space between the two 
electrodes is of the order of 1 - 20 nm, and is maintained at this distance 
foy a housing (not shown) . Preferably the space between the electrodes is 
evacuated, or filled with an inert gas at low pressure, such as argon. 

5 Without wishing to be bound by a particular doctrine, the operation of the 
tunnel diode of the present invention may be understood by referring to 
Figure i, which shows various energy levels, a metal cathode (or emitter) 
is positioned a small distance d away from a semiconductor cathode (or 
collector) . Distance d is preferably of the order of 1 - 100 nm, most 

10 preferably 1 - lOnm. It is well known that the Fermi level of such a 
semiconductor lies near the center of foiSjidden band 3. 

The vertical axis in Figure 1 represents potential energy, with zero 
signifying the bottom of the metal conductive band. The horizontal axis 
represents the distance between electrodes. Electron density In the 
15 conducting band of the metal and in the conducting (upper) and valence 

(lower) bands of semiconductor is .shown by the solid lines, and the dashed 
lines represent the electron states density. The difference between Fermi 
levels of the electrodes, V, is the applied voltage (V bias ) . 

WPi is the work function of the metal, WTa is the work function of the 
20 semiconductor, ■ and G is the forbidden band. WFa is the --thermionic" work 

function. I.e. the energy in Lexv al between the J-'ermi levej. ana u.ie vacuum 

level; then KB^^ = WP2 - e/2 is the energy interval between the bottom of 
the conductive band and the electron energy level in the vacuum. 

.If the forbidden band wide 9 of the semiconductor is not too large (some 
25 tenth of eV) , thermal excitation of electrons from the valence band into 
the conductive band is sufficiently fast so as not to be rate limiting, as 
it is Shown at the figure (the electron density is the same order as in the 
metal at the same distances from Fermi levels ) . It is sufficiently for 
electrical current transmission in semiconductor (especially if it is a 
30 layer -«10-15nm "thin" for conductivity and "thick" for tunnel processes) . 

From Figure 2 it can be" seen that that tunnel exchange by electrons between 
electrodes is possible only above or below the forbidden band, because 
forbidden band does not have any permitted electron states . Since the 
probability for tunneling is much less for states below the forbidden band 
35 than for states above it, tunneling from below the forbidden band can be 
neglected., and it is only tunneling from the conductive band that needs to 
be taken into account. This region has an energy level of 3/2 - V above the 
Fermi level of fitter. 
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What this means is tliat the use of a semiconductor collector prevents 
tunneling from emitter to collector for electrons which lie opposite tlie 
forbidden gap of semiconductori. i.e. just beloK Fermi level of emitter* 
Moreover e the use of a semiconductor vjxth a gap of Bo between th.e Feanni 
5 level and the bottom of the conductive band, tunneling from emitter for 
electrons with energy less Eo is prevented. 

A further aspect of the invention is that the application of a voltage bias 
V between electrodes allows electrons with energies greater than £q - V to 
tunnel. In other words, the tunnel diode of the present invention is 
10 equivalent to a thermionic diode with an ^'artificial" worJc function of £o — 
V. The magnitude of the work function can be adjusted by the choice of Eq 
and V. 

The semiconductor material selected is required to have A sufficiently high 
electrical conductivity for working currents {l-100A/cm2) , 

■ * 

15 Referring again to Figure 2 it can be seen that electrons that tunnel will 
carry away from emitter energy of not less than G/2-V, As discussed above, 
this potential threshold {G/2-V) is equivalent to the emitter work fiinction 
in thermionic diodes, and can be adjusted to optimal low (0. 2-0 ,3-04 eV) 
• value by applied voltage V. In effect this means that the tunnel diode of 

20 the present invention is as efficient as a thermionic diode for cooling, 
"~ and that this level of cooling can Joe acmeved. m practice witnouc " 
resorting to exotic materials having low work functions. In fact, its 
^ork function" can be chosen any, and the cooling power and efficiency 
manipulated, varying of V and gap size d. 

25 Varying the electron donor concentration allows the position of the Fermi 

level to be moved from the centre of the forbidden gap to nearer the bottom 
of the conductive band, This means that a range of semiconductors may be 
used, including Ge {G-0.75ev), Si {G-l-12eV>, GaAs (G-1.43> or SiC (G-2.4- 
3<4eV), and tlie effective work function be modified to nearer 0.3-0- 4eV by 

30 appropriate doping, or by utilizing a hetero-structure semiconductor. 

Even for semiconductors with high doping by electron donor dopant (such 
semiconductors has minimum Eo) Eo is not less 0,05-0-leV. So, in principle, 
all semiconductors with low Eq can give positive effects and are suitable* 

For semiconductors with a large Eo {for eKample, Eo>leV) , the tunnel current 
35 from the emitter will be too small at low Vbias values of -*0.1 - 0.2V. 
However at Vbias values of 0*7 - 0.75V, the effective barrier will be 
optimum for room teitperature cooling {0.3 - 0.4eV), In other words, 
adjusting the bias level so that Eq - Vbias » 0.3-0.35eV corresponds to 
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optiiftum emitter WE of thermionic cool diode for chosen emitter aad 
collector temperatures) . Even if Eo is in the range 3-4eV, V bias can be 
set at 2,7 - 3.7V. Of course, such high biases values will give lower 
efficiency, but reasonable currents can be obtained at d - -50nm, compared 
to d = ~2nm for ~10A/cm'^2 currents and a Vbias ~ O.IV for high efficiency 
cooling operation. 

Thus there is a wide range of semiconductor materials that may be used as 
the band gap material in the tunnel gap diode of the present invention for 
cooling applications. The two key design features are that (i> the band gap 
material used must Have sufficient conductivity; and (ii) the band gap 
material should give low WF (~1 - 1.2 eV) after Cs +. 02 treatment (or by 
treatment of another electropositive atoms such as another alkali metals, 
alkali-earth' metals (Ba, Sr) , la, Y, Sc etc., and other electronegative 
atcxns (F and another halogens, S, etc) . 

For power generating applications the output voltage is small (~0.1V or 
less), and so E, should be less -0.2 - 0.4eV for emitter temperatures 300- 
400K. But for higher temperatures {500 - 600 - 700K> the preferred value 
for Eo rises, and for 7OO-800K it can be ~leV. 
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Example 

-ij-one-^mbodtm eiiL, piu .fai < ^ lb U iB SBUilua nduo Loi. . It Uai i -fe - 0.7eV, midr-Qf±- 
- 0.375eV, a little more than optljraam WT for thermionic diode for Tc - SOCK 

(~0.33eV). Even at room temperature Ge has electron concentration in 
conductive band -1013 cm-3 - it is sufficiently for electrical 
conductivity for thin layer. If we assume, that electrode are treated by Cs 

and 02 and has WFl-WF2-leV (our standard), we have next output parameters 
for Cool Chips with d - 2,5nm, TC-300K, Th-350K: 





j,A/ain2 

• 


QC/W/cm2 

« 


W,W/cm2 


COP 


hcool 


hcool/ 

hcool 

Carnot 


0,10 


1.76 


0.63 


0.177 


3,56 


0.78 


0.91 


0,14 


6.82 


2.22 


0.796 


2.32 

• 


0,699 


0.816 


0.20 


36.6 


9.70 


7.315 


1.32 




0.665 


Here j is J 


resulting d: 


Lode curxent^ Qc cooling power, W - j*V - spent power. 
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Calculations were fulfilled according to "new" model with some 
simplifications, which can decrease (not increase!) results. As you see, 
for low biases we have very high efficiency, but relatively low cool power 
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But. at a little increase of V the cool power risen up more than on the 
order (to -'10W/cm2) ^ and efficiency drops not too much (COP>l) • 

Note^ by a bit decreasing of the gap {to '2nm} we can significantly iit^roved 
output parameters: 





j/A/cm2 


QC/W/cm2 


W,W/om2 


COP 


hcool 


hcool/ 

hcool 

Cairnot 


0.1 


44.6 


15.6 


4.46 


3.57 


0. 78 


O.dOB 


It is very io^ortant, for these conditions it is possible to have a good 
parameters even for WF>leV at more thin gaps- For exan^le, for WF - 1.3eV 
(it is common value for anodes of cQxnmon thermionic converters]} by 
decreasing of the gap to d-1.6nm we can have: 




j/A/om2 


QC/W/cm2 


W,W/om2 

• 


COP 


hoool 


hoool/ 
hcool 

Carnot 

'< 


0.12 


19.3 


6.13 


2.32 


2.646 


0,726 


0,847 



Of course, it is possible to use another semiconductor materials , which can 
10 give still better parameter, including special one for tunnel chips (now to 
create the material with special properties isn''t a problem) , Of course, 
for different cooling tasks it needs difference materials. Also, use of 
semiconductor collector is favorable for power producing too. For this 

purpose special materials are optimal. 

I, 

15 Referring now to Figure 3, which shows in diagrammatic form a heat pump / 
power converter of th^e present invention coit^jrising an emitter, a collector 
and a bias circuit. In Figure 3A, the collector is a semiconductor 
material. In Figure 3B, the collector is a layer of a semi conductor 
material on a metal electrode. The tunnel gap diode is additionally 

20 connected via an external circuit 302 to a power supply (for heat pumping 
applications) or an electrical load {for power generating applications) . 
For power generating applications, the voltage bias source 208 and 
corresponding circuit 206 is not required- 

25 
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A tunnel diode in which the collector conprises a band gap material. 

The tunnel diode of claim 1 additionally corr^rising an emitter coated 
with a layer of a band gap material material. 

The tunnel diode of claim 1 or claim 2 in which the collector 
coK5>rises a layer of band gap material deposited on a metal collector, 

The tunnel diode of any of the preceding claims in which the band gap 
material is a semiconductor. 

The tunpel diode of any of the preceding claims in which the 
electrodes are separated by a gap in the range 1-50 nm- 

The tunnel diode of clainLs 4 or 5 in which a gap between the emitter 
and collector electrodes is evacuated. 

A vacuum diode heat puir^ comprising the tunnel diode of any of the 
preceding claims- 



A thermionic converter coii^jrising 



the tunnel diode of claims 1 to 6 



A method for preventing back tunneling of electrons in a tunnel diode 
comprising the step of coating the collector with a layer of a band 
gap material. 

The method for preventing back tunneling of electrons of claim 9 in 
which the band gap material is a semiconductor. 

A method for promoting the tunneling of electrons having an energy 
level higher than the Fermi level from an emitter surface, comprising 
the step of providing a collector conprising a band gap material. 

The method for preventing back tunneling of electrons of claim 11 in 
which the band gap material is a semiconductor. 



The present invention discloses a tunneling diode having a band gap 
material as the collector- This increases the tunneling of electrons having 
greater energy than the Fermi level from eitdtter to collector, leading to 
an increa;se in the efficiency of heat puircping or power generation by the 
diode. This approach also reduces back tunneling of electrons from 
collector to emitter. 
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Figure 2 
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